The replicative form DNAs of bacteriophage M13, fd, fl, and ZJ/2 were found to be sensitive to cleavage by the restriction endonucleases endoR HapII, endoR-HaeII, endoRHaelI, endoRHindII, endoR*AluI, endoRiHha, and endoR-Hinf. With respect to M13 DNA the number of cleavage sites varied from 21 for endoR Hinf, 18 for endoR AluI, 15 for endoR Hha, 13 for endoR -Hapll, 10 for endoR-HaeIII, 3 for endoRHaeII, to only a single site for endoR-HindII. In contrast to M13, fd and fl, the ZJ/2 DNA molecule was not cleaved by the endoRHindII endonuclease. No cleavage site on either phage DNA was detected for the endonucleases endoRHsu, endoR-EcoRI and endoR-Sma. When compared with M13 DNA, several differences were noted in the number and size of cleavage products obtained with DNA of phage fd, fl, and ZJ/2. From the results of these analyses, using the M13 enzyme cleavage maps as a reference, the endoR-HapII, endoR-HaeII, endoR-HaeIII, endoR-HindII and endoR-AluI maps of phage fd, fl, and ZJ/2 could be constructed. As is expected for very closely related phages, the enzyme cleavage patterns exhibit a high degree of homology. Phage fl and ZJ/2 are most related since an identical pattern was obtained with seven different restriction endonucleases. Evidence is provided also that fl is more similar to M13 than to fd. Furthermore, characteristic differences exist within the endoR Hinf enzyme cleavage pattern of all the four phages tested. Digestion of phage DNA with this enzyme, therefore, provides a new and sensitive method of distinguishing these closely related filamentous coliphages.
The small DNA bacterial viruses M13, fd, fl, and ZJ/2 belong to the group of F-specific filamentous coliphages. These phages are almost identical by several criteria that have been tested, including the dimension and structure of the virion, the morphology, molecular weight and base composition of the DNA molecule, the mode of infection of the bacterial host, and its viral DNA replication (28) .
In the last few years progress has been made toward an understanding of the molecular biology of these phages. In particular, genetic mapping (15, 17, 18, 27, 34, 44) , the mechanism of genetic recombination (5, 9, 10) , and susceptibility to restriction and modification (18, 29, 20, 26, 43) have been studied. In addition, the elucidation of the mode of DNA replication is currently pursued in several laboratories (46, 47) . At the same time, gene functions (1, 28, 31) and most of the gene products have been identified (12, (22) (23) (24) (25) 30) . Currently, efforts are being made to understand the mechanism by which transcription and translation are regulated (4, 16, 34, 40, 44) .
In a number of these studies, restriction enzymes have been applied as a potentially useful aid in the elucidation of these problems. Restriction enzyme cleavage maps have been constructed for the genome of M13 (13, 14, 17, 34) of fd (34, 41) and fl (18, 34, 44) . Such maps have been used to order phage genes (15, 17, 34, 44) and to localize genetic sites, which confer upon DNA molecules susceptibility to Escherichia coli B restriction and modification (18, 44) . Restriction fragments have been used to trace the origin of single-stranded DNA systhesis in vitro on the M13 genome (8, 38 ; H. Schaller, personal communication). In addition, phage promotor regions of M13 (16, 34 ; Edens et al., submitted for publication) and of fd (32, 34) have been localized and the central terminator of transcription has been mapped on the circular M13 genome (4) .
that, upon digestion with a single restriction endonuclease, characteristic differences exist between the cleavage pattern of all of the four phage DNAs tested, thus providing a new and sensitive method of distinguishing these closely related coliphages.
MATERIALS AND METHODS Bacteria and phages. E. coli C89 (K-12, 159F+, uvs, Su-) was used for the cultivation of phage M13, fd, and fl as well as for the preparation of phage replicative form I DNA. E. coli C3000 (F+), a gift from D. Kay, Oxford, was used for the propagation of phage ZJ/2 and the preparation of ZJ/2 replicative form (RF) DNA. Phage M13 was originally obtained from P. Hofschneider, Munich; phage fd originated from H. Schaller, Heidelberg; phage fl from J. Woolford, Durham, and phage ZJ/2 from D. Kay.
Isolation of replicative form I DNA. E. coli C89 or E. coli C3000 was grown in 2 liters of tryptone broth (29) . At a cell density of about 5 x 108 cells/ml, the culture was infected with the appropriate phage at a multiplicity of 20. After 90 min at 37 C, the infected cells were harvested, washed once with 0.2 M NaCl, 0.025 M EDTA, pH 7.6, and resuspended in 200 ml of the same buffer. The bacterial suspension was brought to pH 12.4 with 1 M NaOH, incubated for 3 min at room temperature, and then neutralized with 1 M HCl. The cell debris was centrifuged at 20,000 x g for 30 min. The supernatant, containing the RF, was extracted twice with an equal volume of phenol which had previously been equilibrated with STE buffer (0.1 M NaCl, 0.01 M Tris-hydrochloride, 1 mM EDTA, pH 7.6). The phases were separated by centrifugation, and the nucleic acids were precipitated from the aqueous phase by the addition of 2 volumes of ethanol. The precipitate obtained was resuspended in 20 ml of STE buffer. Pancreatic RNase (previously heated to destroy DNase activity) was added to a final concentration of 50 ,ug/ml and the solution was incubated for 30 min at 37 C. Thereafter, the same amount of RNase was added and the incubation was continued for a second 30- min period. The mixture was then extracted with phenol and RF DNA was reprecipitated with 2 volumes of ethanol. The precipitate was dissolved in STE buffer (20 ml) and the solution was percolated through a Sephadex G100 column (25 by 5 cm) previously equilibrated with STE. The RF-containing fractions were collected and the DNA was reprecipitated with 0.1 volume of 3 M sodium acetate, pH 5.6, and 2 volumes of ethanol. The material was redissolved in STE buffer and centrifuged to equilibrium in cesium chloride-ethidium bromide. To 2.4 ml of RF solution, 4.24 g of CsCl and 2.0 ml of ethidium bromide (2 mg/ml) were added. In addition, a small amount of 32P-labeled M13 RF (approximately 40 ,000 counts/tube) was added as a marker. Centrifugation was performed at 20 C in a Spinco 65 angle rotor for 48 h at 38,000 rpm. The DNA was collected after piercing the bottom of the tube, and the lower 32P_ containing band, consisting exclusively of closed superhelical RF-I DNA, was collected. Ethidium bromide was removed by five extractions with isoamyl alcohol which had been saturated previously with 4 M CsCl. The samples were subsequently dialyzed extensively against STE buffer. The RF-I was precipitated with ethanol and finally dissolved in 0.1 M Tris-hydrochloride-1 mM EDTA, pH 7.6. The preparation of 32P-labeled M13 RF DNA has been described previously (14) .
Restriction endonucleases. EndoR-HindII/III from Haemophilus influenzae strain Rd was isolated as described previously (13) . EndoR-HaeII, endoR-HaeIII, and endoR-HapII were isolated from Haemophilus aegyptius and Haemophilus aphirophilus, respectively. The restriction enzymes were isolated according to the procedure of Takanami and Kojo (39) , except that the nucleic acids still present in the 35 to 65% ammonium sulfate fraction were first removed by adsorption on DEAE-cellulose at 0.3 M KCl (2) before the phospho-cellulose chromatography step. The preparation of endoR-AluI, from
Arthrobacter luteus, will be described elsewhere (17) . EndoR-Hha from Haemophilus haemolyticus and endoR-Sma from Serratia marcescens were generous gifts of C. Montfoort, Utrecht. EndoR-EcoRI was a kind gift of J. Sanders, Amsterdam. EndoR-Hsu from Haemophilus suis and endoR-Hinf from H. influenzae strain Rf were generously provided by J. Sussenbach, Utrecht.
Cleavage of phage RF with restriction endonucleases. For preparation of complete digest mixtures, phage RF-I (3 Lg) was incubated for 2 h at 37 C with appropriate amounts of restriction endonucleases in a reaction volume of 0.05 ml, containing 10 mM Tris-hydrochloride, pH 7.6, 7 mM MgCl2, and 7 mM mercaptoethanol. Incubations were terminated by the addition of 15 ul of a solution containing 0.2 M EDTA, 75% sucrose, and 0.1% bromophenol blue. Identical reaction conditions were used for all of the restriction enzymes studied, except for endoR-Sma and endoR-Hsu. Digestion with the former enzyme was carried out in 30 mM Tris-hydrochloride, pH 9.0, 150 mM KCl, 3 mM MgCl2, the conditions for endoR-Hsu were 10 mM Tris-hydrochloride, pH 7.6, 40 mM NaCl, 7 (35) .
The chain lengths of M13 restriction fragments were deduced from radioactivity analysis. 32P-labeled M13 RF was digested with the appropriate endonuclease and the fragments were fractionated on a 3% polyacrylamide slab gel (40 by 20 by 0.2 cm) as described previously (14) . The Portions of the gel containing the fragments were localized by autoradiography, excised, and counted as described (14) . The chain lengths were calculated from the percentage of total radioactivity assuming a molecular weight of 4 x 10' for full length M13 RF DNA (28) and a molecular weight of 650 for each base pair.
The chain lengths of the M13 RF fragments, produced by endoR-HapII, endoR-HaeIII, and endoR-AluI have been reported previously (14, 17) . The chain lengths of fd, fl, and ZJ/2 RF fragments were calculated from their relative mobilities by means of a plot relating log molecular size to the distance migrated in the polyacrylamide gel. The chain lengths of the endoR-HaplI and endoR-HaeIII fragments of M13 RF were used to standardize this plot.
Nomenclature. The nomenclature proposed by Smith and Nathans (36) for restriction enzymes has been used. For each phage individually, the DNA fragments that results from their action have been designated with capital letters in order of decreasing fragment size. When bands on a polyacrylamide gel contain two or more fragments of almost equal size, arabic numerals have been used as suffix to designate these fragments, i.e., N1, N2 etc.
RESULTS
Cleavage pattern of M13, fd, fl, and ZJ/2 with endonuclease R-Hapll. EndoR-HapII, a restriction endonuclease from H. aphirophilus, cleaves the circular double-stranded RF DNA of bacteriophage M13 at 13 specific sites to yield 13 fragments, which have been named HapII-A through HapII-J in order of decreasing fragment size. The length of each fragment has been determined (14) and ranges from 1,530 base pairs for HapII-A to about 50 base pairs for the smallest fragment HapII-J ( Table 1 ). The physical order of the M13 fragments, which has been determined previously (14) , is presented in Fig. 8 . Subsequent to polyacrylamide gel electrophoresis and staining with ethidium bromide, the endoR-HapII digest of M13 RF gives a cleavage pattern as shown in Fig. 1 .
Digestion of fl and ZJ/2 RF with endoR-HapII generates the same number of DNA fragments. As judged from the respective positions of these fragments on the polyacrylamide gels it is clear that the cleavage pattern of M13 is identical to fl and ZJ/2 ( Fig. 1 ). This is in contrast to the pattern obtained with fd RF in which several characteristic differences can be observed. These differences arise from a missing and an additional scission in fd RF. The missing scission is the one within the M13 (fl and ZJ/2) analogue of the fd fragment HapII-E (630 base pairs) yielding the M13 fragments HapII-E, and HapII-G. The additional scission occurs within the fd analogue of the M13 fragment HapII-D yielding the fd fragments HapII-F (510 base pairs) and HapII-M. Due to its small size (about 30 base pairs) the latter fragment can hardly be detected by ethidium bromide staining, but is clearly recognizable by autoradiography of a 32P-labeled endoR HapII digest of fd RF (van den Hondel, unpublished data). Similar differences in the cleavage pattern of fd, fl, and M13 have already been reported for the H. parainfluenzae enzyme endoR HpaII by Seeburg and Schaller (34) , whose data for endoR-HpaII fragments are completely identical with ours for endoR-HapII fragments. This substantiates the conclusion made by others (6, 37) that the recognition sites of both enzymes are identical.
Cleavage pattern of M13, fl, fd, and ZJ/2 with endonuclease R-HaeII and R-HaeIII. EndoR HaeIII, one of the restriction endonucleases of H. aegyptius, cleaves M13 RF at 10 specific sites to yield 10 fragments which have been named HaeIII-A through HaeIII-I. The sizes of the individual endoR -HaeIII fragments of M13 RF are presented in Table 1 .
The physical order of these fragments, which has been determined previously (14) , is given in Fig. 8 . After polyacrylamide gel electrophoresis, the endoR-HaeIII digest of M13 RF exhibits a cleavage pattern which is shown in Fig. 2 . When compared with M13, digestion of fd RF with endoR HaeIII generates the same number of DNA fragments, but their cleavage patterns reveal characteristic differences. The fd analogues of the M13 fragments HaeIII-D and HaeIII-G are missing in the digest of fd RF, while two new fd fragments can be detected, namely HaeIII-D and HaeIII-G, (Fig. 2) . We suggest that the latter fragment has the same electrophoretic mobility as the fd analogue of the M13 fragment HaeIII-H and, hence, it constitutes a doublet with this fragment. Although experimental data on the 32P content of this band are lacking, the high intensity of this band after staining with ethidium bromide does already suggest that this is the case. Moreover, M13 fragment HaeIII-D (310 base pairs) is contiguous to HaeIII-G (160 base pairs) in M13 RF (Table 1 and Fig. 8 ), whereas both their fd analogues are missing in the cleavage pattern of fd RF. Therefore, the appearance of the fd fragments HaeIII-D (360 base pairs) and HaeIII-G., (120 base pairs) is best explained by a missing endoR-HaeIII cleavage site between a Size of fragments generated from M13 RF by various restriction endonucleases. The sizes of the endoR -Hha and endoR -Hinf fragments were estimated from analysis of the 32p content of each fragment produced from uniformly 32P-labeled M13 RF, as described under Materials and Methods. In some instances, the size of a fragment was adjusted by comparing its mobility with that of the HapII, HaeII, HaeIII, and AluI fragments, the sizes of which have been determined previously (14, 17 The physical order of endoR-Haell fragments has been determined for phage M13 (17) and for fl (18) and both appear to be identical (Fig. 8) . Upon electrophoresis on a linear 2.5 to 7.5% polyacrylamide gradient gel, the endoR-HaeII digest mixture of ZJ/2 RF gives a cleavage pattern that is identical to the pattern of M13 and fl (Fig. 3) . Hence, it is very probable that the order of fragments given for M13 and fl is valid also for ZJ/2.
The pattern of fd RF, however, deviates in such a way that the fd fragment HaeII-B (1,900 base pairs) is smaller and the HaeII-C fragment (760 base pairs) is larger than the respective M13 counterparts. Digestion of the individual endoR-HaeIl fragments of fd with endoRHapII, endoRHaeIII and endoR-AluI and subsequent analyses of the double-digest mixtures have shown that only the cleavage site between HaeII-B and HaeII-C in fd is located in a position which is not identical to the position of the corresponding cleavage site in M13 (van den Hondel, unpublished data).
Cleavage pattern of M13, fd, fl, and ZJ/2 with endonuclease RHindlI. We have demonstrated previously that endoR-HindII has a single cleavage site on the M13 RF molecule (13, 14) . From electrophoretic analysis of a double digest of M13 RF with both endoR-HapII and endoR-HindII, we established that this cleav-VOL. 18, 1976 Fig. 1 ). Before analysis, each sample was enriched with 0.01 volume of10% Sarkosyl and subsequently layered on a 2.5 to 7.5% polyacrylamide gradient gel, which was prepared as described by Jeppesen (21) . Electrophoresis was for 24 h at 20 mA. The capital letters A through C refer to the positions of the endoR *HaeII fragments of M13 RF. The function of the symbols is as before (legend to Fig. 1 ).
age occurs in fragment HapII-D (14) . The latter fragment, being absent in the double-digest pattern, is split up into two new M13 fragments, designated D1 and D2 with respective sizes of 300 and 260 base pairs (Fig. 4 ).
An identical cleavage pattern to M13 is observed when fl RF is double digested with both endoR*HindII and endoR-HapII. Phage fd RF is cleaved also at a single site by endoR-HindII (34, 39) . This site is located in the fd analogue of fragment HapII-D, designated HapII-F (cf. Fig. 1 ). Since this fragment is the only one which is missing in the double-digest mixture (Fig. 4) and gives rise to two new fragments, of which one comigrates with its M13 counterpart D,, we conclude that the position of the endoR*HindII cleavage site in fd is identical to M13. The difference existing between the two cleavage patterns can readily be explained on the basis of differences already detected in the endoR-HaplI digests of M13 and fd RF.
In contrast to M13, fl, and fd, the RF ofphage 4 . Electrophoresis of double-digest fragments of various phage RFI, produced with endonuclease R-HindII and endonuclease RHapII. Double digestion ofphage RF with endoR*HindI and endoR*HapII was performed as described previously (14) . The conditions for electrophoresis of double-digest fragments were identical to those described in the legend ofFig. 1. The capital letters A through J refer to the positions of the double-digest fragments of M13 RF. The function of the symbols is as before (legend to Fig. 1 Fig. 1 and 4) .
Cleavage pattern of M13, fd, fl, and ZJ/2 with endonuclease R Alu I. As is shown in Fig.  5 , endoR Alul, a restriction endonuclease from A. luteus, generates 18 fragments of M13 RF which can readily be separated on the discontinuous polyacrylamide gel. All bands are singlets, except for band J which contains the doublet fragments Alu-J, and -J2 and band N (not shown) which appears to be a quartet of DNA fragments, the sizes of which are limited to about 20 to 30 base pairs ( Table 1 ). The physical order of the endoR-AluI fragments of M13 RF has recently been determined (17) and is given in Fig. 8 .
The cleavage patterns of fl and ZJ/2 RF, obtained with endoR AluI, are completely identical to the pattern of M13 RF (Fig. 5) . This is in contrast to the case with fd RF. The fd analogues of the M13 fragments AluI-C (600 base pairs), AluI-K (160 base pairs) and AluI-M (115 base pairs) are missing in the digest of fd RF. On the other hand, two new fd fragments can be distinguished, namely AluI-C (705 base pairs) and AluI-K (180 base pairs). It has to be emphasized that the length of the former new fd fragment is about equal to the sum of the length of the M13 fragments AluI-C (600 base pairs) and AluI-M (115 base pairs). The size of the other new fd fragment AluI-K equals the sum of M13 fragments AluI-K (160 base pairs) and AluI-N (20 base pairs). This, together with the fact that the physical order of the missing M13 fragments is -C-M-N-K- (Fig. 8) , makes it very probable that two endoRAluI cleavage sites are missing in the fd RF molecule. One site is located between the fd-analogues of M13 fragment AluI-C and AluI-M and the other between the fd analogues of AluI-N and AluI-K.
Cleavage pattern of M13, fd, fl, and ZJ/2 with endoR-Hha restriction endonuclease. EndoR Hha, a restriction endonuclease from H. haemolyticus, cleaves M13 RF at 15 specific sites to yield 15 fragments, which have been named Hha-A through N (Fig. 6) . From analysis of the ;3P-labeled content of each band versus the electrophoretic mobility of each fragment, it could be deduced that all the bands are singlets except for band D which actually is composed of two fragments D, and Do of nearly equal size. The lengths of the individual endoR-Hha fragments of M13 RF are given in Table 1 . The physical order of these fragments is not known.
Comparing the fd and M13 digests, at least four fd analogues of M13 fragments are missing in the fd digest while six new fragments of fd can be detected (Fig. 6 ). An identical cleavage pattern is observed between the endoRHha digestion products of fl and ZJ/2 RF. Both patterns, however, deviate from the cleavage pattern of M13 RF (Fig. 6) Fig. 7 . Based upon analysis of the 32P content of each band, we have concluded that most bands are singlets except for band E, H, I, J, and P which contain doublet fragments of almost equal size. The lengths of the endoR Hinf fragments of M13 RF, as calculated from their :12P content, are given in Table 1 .
In contrast to the restriction endonucleases applied in the previous sections, endoRHinf generates a cleavage pattern of RF which appears to be different for each of the four phages. The most predominant differences are within the pattern of M13 RF, i.e., the presence of a large fragment, designated Hinf-A (1,320 base pairs), which appears to be unique for M13, and the absence of three additional large fragments, namely Hinf-A, -B, and -C, which are characteristic for fd, fl, and ZJ/2.
Characteristic differences are also noted among the patterns of fl, fd, and ZJ/2. The most striking difference is the presence of fragments Hinf-L and Hinf-N in the ZJ/2 digest, whereas the former is absent in fd and the latter is missing in fl. Differences are also noted in the region containing bands E, F, and G. The M13 doublet fragments constituting band E are clearly separated in fd, but not in ZJ/2. In fl, band E is a doublet which runs ahead of a new fragment, the size of which is slightly larger than the doublet E fragments. Due to the relatively large number of doublet fragments present in the endoR-Hinf-digest mixture of each phage, it can not be ascertained yet whether FIG. 5. Electrophoresis of fragments produced by the digestion of various phage RFI with endonuclease R AluI. The conditions for endoR AluI digestion and electrophoresis of fragments were exactly identical to those described in the legend ofFig. 1. The capital letters A through M refer to the positions of the endoR AluI fragments of M13 RF (the fragments N are not visible on this gel). The function of the symbols is as before (legend to Fig. 1 ).
additional differences exist among the cleavage patterns of these phages.
Cleavage of M13, fd, fl, and ZJ/2 with other restriction endonucleases. Several other restriction endonucleases have been studied for their capability to cleave the various phage RF so as to produce cleavage pattern in which characteristic differences for each of the phage molecules might be distinguished.
Digestion of phage RF with endoR-EcoRl
A.-.i does not cause fragmentation of either one of the RF molecules. Similar results were observed with endoR Hsu from H. suis and endoRSma from S. marcescens. Apparently, these enzymes have no cleavage site on RF molecules of either one of the phages studied.
DISCUSSION
In this study, the restriction enzyme cleavage patterns were studied that were produced upon digestion of RF derived from the closely (3, 48) .
In previous studies we ordered the endoR-HindII, endoR-HaeIII, endoR-HapII, and the endoR-Alu fragments of M13 RF into circular enzyme cleavage maps (14, 17) . These maps have now been used here as a guide for constructing similar maps of fd, fl, and ZJ/2.
From the foregoing results and the results reported by others (18, 34, 41) we know that M13, fd, and fl all have a single cleavage site for endoR-HindII. Furthermore, the location of this site is within fragment HapII-D, which gives rise to fragments of which the largest fragment, namely D1, is shared by all three phages (Fig. 4) . This supports the previous conclusion of Seeburg and Schaller (34) that the location of this unique endoR-HindII site is identical in each of the phage genomes. Therefore, the selection of the unique HindII site as a reference point (zero point) in the physical maps of M13, fl and fd, as indicated in Fig. 8 , has real physical sense. It should be noted that ZJ/2 RF has no cleavage site for endoR -HindII. The zero point of the ZJ/2 map, therefore, is arbitrarily chosen to coincide with the zero points of the other maps.
From the digest patterns, presented in Fig. 1 , it is clear that the endoR-HapII cleavage maps of fl and ZJ/2 are identical to the M13 map (Fig.  8 ). The differences between M13 and fd are due to an additional scission in the fd analogue of fragment HapII-D at a distance of about 30 nucleotides from the cleavage site between Hap-D and Hap-J (map position 0.025) and a missing scission at map position 0.40, between fragment HapII-E, and HapII-G. The location of the new fd fragments HapII-E, HapII-F, and HapII-M are presented in the physical map of fd (Fig. 8) . The same differences in the M13, fl, and fd cleavage maps have been found by Seeburg and Schaller (34) using endoR-HpaII instead. It can not be excluded that besides the major differences already given, some minor differences exist between the cleavage maps of M13 and fd. For instance, it has repeatedly been observed that the fd analogue of fragment HapII-F is slightly larger than the M13 (and fl, ZJ/2) counterpart (cf. Fig. 1 and 4) . Since the position of fragment HapII-I2, which is contiguous to HapII-F, is identical in both the fd and M13 cleavage pattern, it is assumed that the fd analogue of HapII-A is smaller than HapII-A itself. A difference in size of about 20 to 30 base pairs between both large fragments, however, can not be observed reliably on the polyacrylamide gels.
The differences in the endoR-HaeIII cleavage maps of M13 and fd originate from a missing enzyme cleavage site in fd, which is located between the M13 fragments HaeIII-D and HaeIII-G (map position 0.08), and an additional cleavage site in the fd analogue of M13 fragment HaeIII-G, most probably located at about 60 base pairs from the missing site (map position 0.09). These data account for the existence of the fd fragments HaellI-D and HaeIII-G2 (Fig. 8) . Combination of these data with the M13 cleavage map gives the endoR-HaeIII cleavage map of fd.
The observed differences in the cleavage pattern of M13 on the one hand and ZJ/2 on the other, are caused by a missing endoRHaeIII cleavage site between the fl and ZJ/2 analogues of fragment HaeIII-A and HaeIII-F. This results in the appearance of a fl fragment HaeIII-A which is slightly larger than the M13 analogue (Fig. 2) . Consequently, the endoR-HaeIII cleavage map of fl and ZJ/2 deviates from the M13 map by a missing scission at map position 0.22 (Fig. 8) . A similar difference in the fragmentation of fl and M13 by endoR-HaeIII was recently noted by Horiuchi et al. (18) .
From the results already reported by Zinder et al. (18) and our results (17) we have concluded that the physical order of endoR-HaeII fragments of M13 RF is identical to fl. We conclude now that the physical order of ZJ/2 is also identical to M13. This is based upon the observations (van den Hondel, unpublished data) that digestion of the individual endoR-HaeII fragments of ZJ/2 with a second endonuclease generates a set of double-digest fragments which can not be distinguished from a similarly prepared set of M13 of fl. This, however, appears not to be the case for fd. We infer from the results of such analyses, that the observed differences in the endoR-HaeII cleavage pattern of fd is caused by a missing cleavage site at map position 0.53 and an additional scission at position 0.26, which gives rise to the appearance of a smaller HaeII-B fragment and a larger HaeII-C fragment (Fig. 8) .
It is worth mentioning that the positions of the endoR-HaeII cleavage sites in fd, as deduced here, coincide, with the endoR-HinH-1 cleavage sites in fd, as reported by Takanami et al. (41) . This is in agreement with a recent report of Roberts et al. (33) which showed that endoR HinH-1 is an isoschizomer of endoRHaeII.
As judged from the positions of the respective band on the polyacrylamide gel, we have con- (14, 18, 34, 41) . The presented physical order of endoR-HapII, endoR-HaeII, endoR-HaeIII and endoR-AluI fragments of M13 RF have been determined previously (14, 17) . The order of endoR-HapII fragments offd (34, 41) and offl (34) , as well as the order ofendoR *HaeII and endoR *HaeIII fragments offl (18) have been taken from the results already reported by other groups. Black bars denote fragments present in phage RF which are missing in M13 RF. Roman numerals refer to the filamentous phage genes, the order and size of which are represented by the bottom line. "Origin" means an intergenic space containing the origin of phage RF replication (17, 44) .
cluded that the endoR-AluI cleavage patterns of M13, fl, and ZJ/2 are identical. although some differences in cuts were noted. These differences were found to occur at random over the phage DNA molecule. Interestingly, as far as differences in cleavage pattern is concerned, phage fl and ZJ/2 revealed the highest degree of homology. The number and distribution of target sequences, recognized by each enzyme, were found to -be identical for seven different restriction enzymes tested. It is apparent also that the patterns of fl are more similar to M13 than the patterns of fd. These findings are somewhat different from the results reported by Tate and Peterson (42) . Their data on pyrimidine-tract analysis suggest a more close relationship between fd and M13 than fl. Whether a simple comparison of either pyrimidine tracts or patterns of restriction enzyme fragments may be misleading as a measure of similarity between several DNA molecules, cannot be ascertained yet. In this respect the results have to be mentioned (7, 11) of similar comparative studies within the group of single-stranded DNA-containing icosahedral coliphages like 4X-174, S13 and the G phages.
The cleavage patterns of OX-174 and G4, a phage most distantly related to 4X-174, have an overall dissimilarity of fragment sizes. Nevertheless, Godson's finding (7) , that the cleavage maps of both phages can be superimposed and rotated in such a way that a considerable similarity of restriction cuts is observed, already indicates that phages can diverge considerably, but still retain a very similar pattern of cleavage sites.
From the data presented in this report, it is clear that endonuclease R-Hinf can discriminate between these phages since this enzyme gives rise to a set of fragments which is different for each of the four phage RF molecules (Fig. 7) . The same arguments are valid for a combination of endoR-HaeIII and endoR-HindII or endoR-Hha and endoR-HindII. Since the filamentous phages are very closely related and, hence, most of the biological properties tested so far are insufficient to distinguish these phages, a digestion with this restriction enzyme appears to be a new and powerful test of phage identification.
